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European Strategy for Particle Physics: the cornerstone of 
Europe’s decision-making process for the long-term future of the field
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19/06/2020 CERN Council Open Session 7

2020 Strategy Statements

Guide through the statements
2 statements on Major developments from the 2013 Strategy
a) Focus on successful completion of HL-LHC upgrade remains a 

priority
b) Continued support for long-baseline experiments in Japan and 

US and the Neutrino Platform

3 statements on General considerations for the 2020 update
a) Preserve the leading role of CERN for success of European PP 

community
b) Strengthen the European PP ecosystem of research centres
c) Acknowledge the global nature of PP research

2 statements on High-priority future initiatives
a) Higgs factory as the highest-priority next collider and 

investigation of the technical and financial feasibility of a 
future hadron collider at CERN

b) Vigorous R&D on innovative accelerator technologies

4 statements on Other essential scientific activities 
a) Support for high-impact, financially implementable, 

experimental initiatives world-wide
b) Acknowledge the essential role of theory
c) Support for instrumentation R&D
d) Support for computing and software infrastructure

2 statements on Synergies with neighbouring fields
a) Nuclear physics – cooperation with NuPECC
b) Astroparticle – cooperation with APPEC

3 statements on Organisational issues
a) Global collaboration on projects in and out of Europe
b) Relations with European Commission
c) Open science

4 statements on Environmental and societal impact
a) Mitigate environmental impact of particle physics 
b) Investment in next generation of researchers
c) Knowledge and technology transfer
d) Cultural heritage: public engagement, education and 

communication 
Letters for itemizing the statements are introduced 
for identification, do not imply prioritization 

H. Abramowicz’s talk at the CERN council meeting of June 19, 2020  
See also F. Giannotti’s talk on June 29, 2020 for further remarks

However, no consensus on the type of Higgs 
factory (Circular or Linear)
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• Decisions based on the results of the studies of the different Working Groups 
formed to assist the Physics Preparatory Group (PPG) in evaluating the physics 
potential of the different future experiments.

• The Higgs@Future Colliders WG was formed by RECFA for this purpose, to help in 
areas related to Higgs/EW physics. The main outcome of the WG studies is collected 
in the report in JHEP 01 (2020) 139 (1905.03764 [hep-ph]) and summarized in the 
Electroweak Physics chapter of the Physics Briefing Book

Higgs Boson studies at future particle colliders

J. de Blas1,2, M. Cepeda3, J. D’Hondt4, R. K. Ellis5, C. Grojean6,7, B. Heinemann6,8,
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*Corresponding author

ABSTRACT

This document aims to provide an assessment of the potential of future colliding beam facilities to perform Higgs boson
studies. The analysis builds on the submissions made by the proponents of future colliders to the European Strategy Update
process, and takes as its point of departure the results expected at the completion of the HL-LHC program. This report
presents quantitative results on many aspects of Higgs physics for future collider projects of sufficient maturity using uniform
methodologies. A first version of this report was prepared for the purposes of discussion at the Open Symposium in Granada
(13-16/05/2019). Comments and feedback received led to the consideration of additional run scenarios as well as a refined
analysis of the impact of electroweak measurements on the Higgs coupling extraction.
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• For the purpose of this talk and the Snowmass 2021 activities, the relevant part of 
these results are those related to the SMEFT studies

• SMEFT ⇒ General description of BSM deformations compatible with assumptions:

✓ Heavy new physics + decoupling
✓ SM particles and symmetries at low energies.  Assume Higgs belongs to a SU(2)L 

doublet H (+ analytic in H=0)
✓ Power counting: operator expansion in canonical mass dimension

• Higgs prospects also studied within the κ framework (not shown in this talk)
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EFT analyses with FCC precision

J. de Blasa†

aINFN, Sezione di Roma, Piazzale A. Moro 2, I-00185 Rome, Italy

Abstract

Materials for the talk presented at the FCC physics meeting on Feb. 19 2018.
EFT: E↵ects suppressed by �

q

⇤

�d�4

q = v, E < ⇤

1 Expected precision for EWPO at FCC-ee

Observable Expected uncertainty (Relative uncertainty)

MZ [GeV] 10
�4

(10
�6

)

�Z [GeV] 10
�4

(4 ⇥ 10
�5

)

�
0
had [nb] 5⇥10

�3
(10

�4
)

Re 0.006 (3 ⇥ 10
�4

)

Rµ 0.001 (5 ⇥ 10
�4

)

R⌧ 0.002 (10
�4

)

Rb 0.00006 (3 ⇥ 10
�4

)

Rc 0.00026 (15 ⇥ 10
�4

)

Table 1: Expected sensitivities to Z-lineshape parameters and normalized partial decay widths.

†E-mail: Jorge.DeBlasMateo@roma1.infn.it
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LaTeX materials for the talks at the HEFT 2020 workshop. April 2020
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Figure 3. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to
the projections available at each future collider project. Results obtained within the SMEFT framework in the benchmark
SMEFTND. The HE-LHC results correspond to the S02 assumptions for the theory systematic uncertainties in Higgs
processes [13].

3.4.2 Results for BSM-motivated effective Lagrangians

In this subsection, we adopt a more BSM-oriented perspective and present the global fit results in a way that can be easily
matched to theory-motivated scenarios, such as composite Higgs models. For that purpose, we will restrict the results to the set
of dimension-6 interactions in the effective Lagrangian in eq. (19) and adopt the usual presentation of results in terms of the
bounds on the dimension-6 operator coefficients. We will also extend the global fits presented in previous sections, adding
further studies available in the literature about high-energy probes of the EFT. These are designed to benefit from the growth
with energy of the contributions of certain dimension-6 operators in physical processes, leading to competitive constraints
on new physics, without necessarily relying on extreme experimental precision. In this regard, we note that these studies are
usually not performed in a fully global way within the EFT framework, but rather focus on the most important effects at high
energies. Therefore, the results when such processes dominate in the bounds on new physics should be considered with a
certain amount of caution, although they should offer a reasonable approximation under the assumptions in (19) and (20). In
particular, we will add the following high-energy probes using di-boson and di-fermion processes:

• The constraints on the W and Y oblique parameters [48] (which can be mapped into c2W,2B) from fermion pair production
at the HL-LHC, HE-LHC [13], FCC-hh [49], ILC at 250, 500 and 1000 GeV [4] and CLIC [46]15.

It must be noted that, for the HE-LHC, only the sensitivity to W and Y from pp ! `+`� is available in [13]. There is no
sensitivity reported from charged-current process, which can constrain W independently. No studies on the reach for the
W and Y parameters were available for CEPC or the FCC-ee. For this section for these two lepton colliders it has been

15 The studies in [46] and [4] make use of significantly different assumptions for the systematic uncertainties and efficiencies for each e+e� ! f f̄ channel.
The apparent small difference in terms of reach at the highest energy stages for CLIC/ILC is, however, due to the high luminosity assumed at ILC, as well as
the use of positron polarization, which allow to partially compensate the lower energy achievable compared to CLIC.
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Figure 4. Sensitivity at 68% probability to deviations in the different EW couplings from a global fit to the projections
available at each future collider project. Results obtained within the SMEFT framework in the benchmark SMEFTND. Note
that Z-radiative return measurements at ILC and CLIC are included in the fit. Two different assumptions are considered for the
systematic errors. The HE-LHC results correspond to the S02 assumptions for the theory systematic uncertainties in Higgs
processes [13]. See text for details.

estimated following the studies in Ref. [4, 46] 16.

• The study in Ref. [50] of the MZH distribution in pp ! ZH,H ! bb̄ in the boosted regime for the HL-LHC [13] and
FCC-hh [1]. (This was not available for the HE-LHC.) Note that both CLIC (and to a lesser extent ILC) have access to
similar physics in the leptonic case, from the ZH measurements at 1.5/3 TeV (500/1000 GeV). Current ILC projections
for Higgs production at 1 TeV [4] are only available for the W boson fusion channel. For the fits presented in this section,
for sZH ⇥BR(H ! bb) at ILC at 1 TeV an uncertainty of 1.3% is assumed for each polarization [51].

• The pTV distribution in pp !WZ from Ref. [52] for the HL-LHC, HE-LHC and FCC-hh.

These are of course only a sample of the high-energy precision probes that could be tested at future colliders (and at HL-LHC)
so the results presented are not an exhaustive study of the potential of the different machines in this regard. (See, e.g., [53, 54].)

The results of this fit are shown in Figure 6 after the full run of each future collider project, and in Table 9. Apart from
the 68% probability bounds for each operator from the global fit, we also present the results assuming only one operator is
generated by the UV dynamics. The difference between both results is indicative of the correlations between the different
operators in the fit. These can, in some cases, be rather large. A full study of such correlations goes beyond the scope of this
report, but it is worth mentioning that some of the largest correlations typically occur between Og , OfW , OfB, OW , OB where
all contribute to the Higgs interactions with neutral vector bosons. Large correlations also connect Og and Oyu . These are

16We obtain alues of dWCEPC ⇠ 5.3⇥ 10�5, dYCEPC ⇠ 4.7⇥ 10�5, with a correlation of -0.5; dWFCC�ee(240) ⇠ 5.4⇥ 10�5, dYFCC�ee(240) ⇠ 4.9⇥ 10�5,
with the same -0.5 correlation; and dWFCC�ee ⇠ 3.2⇥10�5, dYFCC�ee ⇠ 2.9⇥10�5, with a correlation of -0.53.
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• Dimension 6 SMEFT fit to Higgs + EW (EWPO and aTGC) + Top (Ztt)

• Results projected into “effective couplings” for comparison of collider capabilities:

operator D⇢�†D⇢�Gµ⌫Gµ⌫ which simply comes with coe�cient ⇠ g2
s
/m4

⇤. One can then easily see that when
the experimental accuracy in the measurement of gg ! HH is worse than O(y2

t
/16⇡2), the sensitivity on m⇤ is

dominated by the dim-8 operator.
Although the particular structure of the previous Lagrangian is not fully general, it provides a theoretically

sound benchmark to interpret the results of our studies from a more BSM-oriented perspective. The contribu-
tions from the di↵erent SILH Wilson coe�cients in the Lagrangian (13) to the parameters of the Higgs basis
can be found in [?].

1.2 Results from the EFT framework studies

In the previous section we have detailed the counting of the degrees of freedom that enter in the di↵erent
SMEFT fit scenarios using the so-called Higgs basis. While physical results do not depend on the choice of
basis, in some cases a particular basis may be convenient for computational, presentation or interpretational
purposes (note that the physical interpretation of each dimension-six operator does depend on the basis). From
the point of view of the results presented in this section, however, we are mostly interested in comparing the
sensitivity to deformations with respect to the SM in the Higgs couplings at the di↵erent future collider projects.
To assess these deformations with respect to the SM in a basis-independent way one can project the results of
the SMEFT fit onto a set of on-shell properties of the Higgs boson, via the following Higgs e↵ective couplings:

g
e↵ 2

HX
⌘

�H!X

�
SM
H!X

. (14)

By definition, these quantities, constructed from physical observables, are basis independent. These definitions
are also convenient to compare in a straightforward manner the SMEFT results with those of the  framework
for the single Higgs couplings. Such definition is, however, not phenomenologically possible for the top-Higgs
coupling and the Higgs self-interaction. For the present report we will sidestep these issues by: (1) defining the
e↵ective top coupling in a similar way to all other fermions; (2) to connect and compare with all current studies
of the Higgs self-interaction, we will define ghhh ⌘ �3/�SM

3
.

Note that, at the dimension-six level and truncating the physical e↵ects at order 1/⇤2 one can always express
the previous e↵ective couplings in terms of the dimension-six operators via a linear transformation. Provided
one has a large enough set of such e↵ective couplings, one can then map the e↵ective coupling result into Wilson
coe�cients, and viceversa (of course, the former are not a basis per se and the connection is only well-defined
at a fixed order in perturbation theory and in the EFT expansion). The single Higgs couplings plus ghhh are
however not enough to match the number of free parameters in the SMEFT fits, even in the simplified scenario
SMEFTPEW in eq. (11). In particular, the on-shell couplings ge↵

HZZ,HWW
in eq. (14) do not capture all possible

linear combinations of the di↵erent types of EFT interactions contributing to the HZZ and HWW vertices.4

For that reason we will also present our results by adding the predictions for the (pseudo) observable aTGC
obtained from the di-boson analysis. These extra parameters o↵er a measure of the Higgs couplings to gauge
boson with a non-SM Lorentz structure. As long as we restrict the analysis to observables around the Higgs
mass scale, this approach with on-shell e↵ective couplings and aTGC is perfectly appropriate. When high-energy
observables are considered, like in Section 1.2.2, it would have to be revisited. (In that section, however, we
will present the results directly in terms of the Wilson coe�cients, for easier interpretation in terms of BSM
scenarios.) Even after adding the aTGC, in the SMEFTPEW scenario where �m ⌘ 0 the ge↵

HZZ,HWW
couplings

are not independent, and therefore we will present the results reporting only the coupling to Z bosons.
In the global fit scenarios SMEFTFU and SMEFTND, where we also add those combinations of operators

that can contribute to EWPO, extra information needs to be added to illustrate the constraints on the di↵erent
degrees of freedom included in the fit. Since �m is now a free parameter, we report separately the ge↵

HZZ,HWW

couplings. Following a similar approach as for the Higgs couplings, one can report the sensitivity to modifications
in the e↵ective couplings of the Z to fermions, which can be defined from the Z-pole measurements of the Z
decays and asymmetries, e.g.

�Z!e+e� = ↵ MZ

6 sin2 ✓w cos2 ✓w

(|ge

L
|
2 + |g

e

R
|
2), Ae = |ge

L
|2�|ge

R
|2

|ge

L
|2+|ge

R
|2 . (15)

In what follows, we discuss the results of the SMEFT fit from the point of view of the expected sensitivity
to modifications of the Higgs couplings in the scenarios SMEFTFU and SMEFTND. As it was done in the fits in

4We note, however, that, from the point of view of the interpretation in terms of motivated scenarios like those described below
Eq. (13), the contributions to such interactions are dominated only by c�, unless g? ⇠ 4⇡.
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Figure 3. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to
the projections available at each future collider project. Results obtained within the SMEFT framework in the benchmark
SMEFTND. The HE-LHC results correspond to the S02 assumptions for the theory systematic uncertainties in Higgs
processes [13].

3.4.2 Results for BSM-motivated effective Lagrangians

In this subsection, we adopt a more BSM-oriented perspective and present the global fit results in a way that can be easily
matched to theory-motivated scenarios, such as composite Higgs models. For that purpose, we will restrict the results to the set
of dimension-6 interactions in the effective Lagrangian in eq. (19) and adopt the usual presentation of results in terms of the
bounds on the dimension-6 operator coefficients. We will also extend the global fits presented in previous sections, adding
further studies available in the literature about high-energy probes of the EFT. These are designed to benefit from the growth
with energy of the contributions of certain dimension-6 operators in physical processes, leading to competitive constraints
on new physics, without necessarily relying on extreme experimental precision. In this regard, we note that these studies are
usually not performed in a fully global way within the EFT framework, but rather focus on the most important effects at high
energies. Therefore, the results when such processes dominate in the bounds on new physics should be considered with a
certain amount of caution, although they should offer a reasonable approximation under the assumptions in (19) and (20). In
particular, we will add the following high-energy probes using di-boson and di-fermion processes:

• The constraints on the W and Y oblique parameters [48] (which can be mapped into c2W,2B) from fermion pair production
at the HL-LHC, HE-LHC [13], FCC-hh [49], ILC at 250, 500 and 1000 GeV [4] and CLIC [46]15.

It must be noted that, for the HE-LHC, only the sensitivity to W and Y from pp ! `+`� is available in [13]. There is no
sensitivity reported from charged-current process, which can constrain W independently. No studies on the reach for the
W and Y parameters were available for CEPC or the FCC-ee. For this section for these two lepton colliders it has been

15 The studies in [46] and [4] make use of significantly different assumptions for the systematic uncertainties and efficiencies for each e+e� ! f f̄ channel.
The apparent small difference in terms of reach at the highest energy stages for CLIC/ILC is, however, due to the high luminosity assumed at ILC, as well as
the use of positron polarization, which allow to partially compensate the lower energy achievable compared to CLIC.
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Figure 4. Sensitivity at 68% probability to deviations in the different EW couplings from a global fit to the projections
available at each future collider project. Results obtained within the SMEFT framework in the benchmark SMEFTND. Note
that Z-radiative return measurements at ILC and CLIC are included in the fit. Two different assumptions are considered for the
systematic errors. The HE-LHC results correspond to the S02 assumptions for the theory systematic uncertainties in Higgs
processes [13]. See text for details.

estimated following the studies in Ref. [4, 46] 16.

• The study in Ref. [50] of the MZH distribution in pp ! ZH,H ! bb̄ in the boosted regime for the HL-LHC [13] and
FCC-hh [1]. (This was not available for the HE-LHC.) Note that both CLIC (and to a lesser extent ILC) have access to
similar physics in the leptonic case, from the ZH measurements at 1.5/3 TeV (500/1000 GeV). Current ILC projections
for Higgs production at 1 TeV [4] are only available for the W boson fusion channel. For the fits presented in this section,
for sZH ⇥BR(H ! bb) at ILC at 1 TeV an uncertainty of 1.3% is assumed for each polarization [51].

• The pTV distribution in pp !WZ from Ref. [52] for the HL-LHC, HE-LHC and FCC-hh.

These are of course only a sample of the high-energy precision probes that could be tested at future colliders (and at HL-LHC)
so the results presented are not an exhaustive study of the potential of the different machines in this regard. (See, e.g., [53, 54].)

The results of this fit are shown in Figure 6 after the full run of each future collider project, and in Table 9. Apart from
the 68% probability bounds for each operator from the global fit, we also present the results assuming only one operator is
generated by the UV dynamics. The difference between both results is indicative of the correlations between the different
operators in the fit. These can, in some cases, be rather large. A full study of such correlations goes beyond the scope of this
report, but it is worth mentioning that some of the largest correlations typically occur between Og , OfW , OfB, OW , OB where
all contribute to the Higgs interactions with neutral vector bosons. Large correlations also connect Og and Oyu . These are

16We obtain alues of dWCEPC ⇠ 5.3⇥ 10�5, dYCEPC ⇠ 4.7⇥ 10�5, with a correlation of -0.5; dWFCC�ee(240) ⇠ 5.4⇥ 10�5, dYFCC�ee(240) ⇠ 4.9⇥ 10�5,
with the same -0.5 correlation; and dWFCC�ee ⇠ 3.2⇥10�5, dYFCC�ee ⇠ 2.9⇥10�5, with a correlation of -0.53.
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• For more details on these studies see C. Grojean’s talk on EF01 kickoff meeting on 
May 13, 2020, or my own on the EF04 meeting on June 4, 2020

• Results also available for SILH-like EFT (not shown in this talk)

Higgs/aTGC EW Zff
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Important topics not covered in ESU studies
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• EW precision observables:
✓ Detailed assessment of impact of SM uncertainties for EWPO in SMEFT fits.
✓ Clarify systematics for heavy flavor observables (Aq, Rq).
✓ Exploit EW measurements outside the Z-pole (low and high energy): requires 

adding 4-fermion operators into the global fit.
✓ Flavor (and CP violation): not explored in the ESU SMEFT fits.

• Multi-boson processes:
✓ Full EFT studies of e+e- →W+W-. Use of “optimal” observables.
✓ High-E probes of EFT effects that grow with the energy.

✓ Vector boson scattering: not included in ESU studies.

• Interplay EW/Higgs/Top: Top sector only explored superficially:
✓ Consider effects from 4-fermion operators or top dipole operators.
✓ Exploit NLO effects of Top couplings in H/EW.

• SMEFT assumptions:
✓ Impact of SMEFT uncertainties: NLO, (dim-6)2 vs. dim 8, …
✓ Non-universality: combine with flavor data to explore more flavor BSM scenarios 

Some topics related to EW physics 
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Electroweak precision observables in the SM
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• Impact of SM theory uncertainties of SM calculations of EWPO:Central EW precision (pseudo-)observables at the Z pole
FCC-ee: update of Blondel et al., 1901.02648 (in prep.); ILC: Moortgat-Pick et al., 1504.01726

experimental accuracy intrinsic theory uncertainty

current ILC FCC-ee current current source prospect

∆MZ[MeV] 2.1 − 0.1

∆ΓZ[MeV] 2.3 1 0.1 0.4 α3,α2αs,αα
2
s 0.15

∆ sin2 θℓeff [10
−5] 23 1.3 0.6 4.5 α3,α2αs 1.5

∆Rb[10
−5] 66 14 6 11 α3,α2αs 5

∆Rℓ[10
−3] 25 3 1 6 α3,α2αs 1.5

Theory requirements for Z-pole pseudo-observables:

• needed: ⋄ EW and QCD–EW 3-loop calculations

⋄ 1 → 2 decays, fully inclusive

• problems: ⋄ technical: massive multi-loop integrals, γ5

⋄ conceptual: pseudo-obs. on the complex Z-pole

↪→ Enormous challenge, but feasible (anticipating progress + support!)

Stefan Dittmaier, Precision Electroweak Calculations Symposium on the European Strategy, Granada, May 2019 – 7

Prospects: Extrapolation assuming 
EW & QCD 3-loop corrections 

are known

Current: Full 2-loop corrections 
(Not enough for future Exp. precision)

Technically challenging but feasible

⇩

A. Freitas et al., arXiv: 1906.05379 [hep-ph]
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H Consistency of electroweak precision data

Before the discovery of a Higgs boson, the consistency of the SM has often been illustrated

by comparing the direct measurement of mW andmtop with the indirect constraints derived

from precision measurement at the Z-pole and at low-energy experiments. Figure 18 for

the future e+e− colliders.
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Figure 18. Constraints on mW and mtop from direct measurements (horizontal and vertical lines)
and indirect constraints (ellipses). In all cases the constraints from current data plus HL-LHC are
compared to the ones expected for the e+e− collider. For ILC and CLIC the result is shown without
(top row) and with a Giga-Z (bottom row) run.
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Figure 18. Constraints on mW and mtop from direct measurements (horizontal and vertical lines)
and indirect constraints (ellipses). In all cases the constraints from current data plus HL-LHC are
compared to the ones expected for the e+e− collider. For ILC and CLIC the result is shown without
(top row) and with a Giga-Z (bottom row) run.
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Strongly coupled models come with a parametric enhancement of Ŝ, T̂ over W,Y , such that in the class of models, one can
simplify further the analysis of EW data and perform a two-dimensional fit.

The results of this fit setup are presented in Table 37 and Figure 17, for the different future lepton-collider options, where
the largest improvement in terms of measurements of the EW precision observables (EWPO) is expected. In the table and
figures we also show the impact of the SM theory uncertainties in the results. The results are presented assuming the projected
future improvements in SM theory calculations (Full ThIntr Unc.), neglecting the intrinsic theory uncertainties associated to
such calculations (No ThIntr Unc.) and, finally, also assuming that parametric uncertainties become subdominant (No ThPar+Intr
Unc.). Since several of the SM EW inputs are to be measured at the future collider under consideration, the latter scenario
goes beyond the physics potential of these machines. This scenario is presented only to illustrate whether the precision of the
measurements of such inputs can become a limiting factor in terms of the reach of Ŝ and T̂ . This seems to be the case for the
circular colliders and, to a less extent, the linear collider Giga-Z options.

Table 37. Comparison of the sensitivity at 68% probability to new physics contributions to EWPO in the form of the oblique
S and T parameters, under different assumptions for the SM theory uncertainties. We express the results in terms of the usually
normalised parameters: S = 4sin2 qwŜ/a and T = T̂/a .

HL-LHC HL+CLIC380 HL+CLIC380 (GigaZ) HL+ILC250 HL+ILC250 (GigaZ) HL+CEPC HL+FCC-ee

S Full ThIntr Unc. 0.053 0.032 0.013 0.015 0.012 0.01 0.0079
No ThIntr Unc. 0.053 0.032 0.011 0.012 0.009 0.0068 0.0038

No ThPar+Intr Unc. 0.052 0.031 0.0091 0.011 0.0067 0.0031 0.0013
T Full ThIntr Unc. 0.041 0.023 0.013 0.015 0.014 0.0094 0.0058

No ThIntr Unc. 0.041 0.023 0.012 0.014 0.013 0.0072 0.0022
No ThPar+Intr Unc. 0.039 0.022 0.01 0.011 0.0091 0.0041 0.0019

2-σ region (no ThIntr)
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Figure 17. (Left) 2-s regions in the S�T plane at the different future colliders, combined with the HL-LHC (including also
the LEP/SLD EWPO programme). We express the results in terms of the usually normalised parameters: S = 4sin2 qwŜ/a and
T = T̂/a . The results include the future projected parametric uncertainties in the SM predictions of the different EWPO, but
not the intrinsic ones. (Right) The same illustrating the impact of neglecting such intrinsic theory errors. For each project
(including the Giga-Z option for linear colliders) the solid regions show the results in the left panel, to be compared with the
regions bounded by the dashed lines, which include the full projected theory uncertainty.
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Electroweak precision observables in the SM
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• Impact of SM theory uncertainties of SM calculations of EWPO:Central EW precision (pseudo-)observables at the Z pole
FCC-ee: update of Blondel et al., 1901.02648 (in prep.); ILC: Moortgat-Pick et al., 1504.01726

experimental accuracy intrinsic theory uncertainty

current ILC FCC-ee current current source prospect

∆MZ[MeV] 2.1 − 0.1

∆ΓZ[MeV] 2.3 1 0.1 0.4 α3,α2αs,αα
2
s 0.15

∆ sin2 θℓeff [10
−5] 23 1.3 0.6 4.5 α3,α2αs 1.5

∆Rb[10
−5] 66 14 6 11 α3,α2αs 5

∆Rℓ[10
−3] 25 3 1 6 α3,α2αs 1.5

Theory requirements for Z-pole pseudo-observables:

• needed: ⋄ EW and QCD–EW 3-loop calculations

⋄ 1 → 2 decays, fully inclusive

• problems: ⋄ technical: massive multi-loop integrals, γ5

⋄ conceptual: pseudo-obs. on the complex Z-pole

↪→ Enormous challenge, but feasible (anticipating progress + support!)

Stefan Dittmaier, Precision Electroweak Calculations Symposium on the European Strategy, Granada, May 2019 – 7

Prospects: Extrapolation assuming 
EW & QCD 3-loop corrections 

are known

Current: Full 2-loop corrections 
(Not enough for future Exp. precision)

Technically challenging but feasible

⇩

A. Freitas et al., arXiv: 1906.05379 [hep-ph]
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H Consistency of electroweak precision data

Before the discovery of a Higgs boson, the consistency of the SM has often been illustrated

by comparing the direct measurement of mW andmtop with the indirect constraints derived

from precision measurement at the Z-pole and at low-energy experiments. Figure 18 for

the future e+e− colliders.
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Figure 18. Constraints on mW and mtop from direct measurements (horizontal and vertical lines)
and indirect constraints (ellipses). In all cases the constraints from current data plus HL-LHC are
compared to the ones expected for the e+e− collider. For ILC and CLIC the result is shown without
(top row) and with a Giga-Z (bottom row) run.
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Strongly coupled models come with a parametric enhancement of Ŝ, T̂ over W,Y , such that in the class of models, one can
simplify further the analysis of EW data and perform a two-dimensional fit.

The results of this fit setup are presented in Table 37 and Figure 17, for the different future lepton-collider options, where
the largest improvement in terms of measurements of the EW precision observables (EWPO) is expected. In the table and
figures we also show the impact of the SM theory uncertainties in the results. The results are presented assuming the projected
future improvements in SM theory calculations (Full ThIntr Unc.), neglecting the intrinsic theory uncertainties associated to
such calculations (No ThIntr Unc.) and, finally, also assuming that parametric uncertainties become subdominant (No ThPar+Intr
Unc.). Since several of the SM EW inputs are to be measured at the future collider under consideration, the latter scenario
goes beyond the physics potential of these machines. This scenario is presented only to illustrate whether the precision of the
measurements of such inputs can become a limiting factor in terms of the reach of Ŝ and T̂ . This seems to be the case for the
circular colliders and, to a less extent, the linear collider Giga-Z options.

Table 37. Comparison of the sensitivity at 68% probability to new physics contributions to EWPO in the form of the oblique
S and T parameters, under different assumptions for the SM theory uncertainties. We express the results in terms of the usually
normalised parameters: S = 4sin2 qwŜ/a and T = T̂/a .
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Figure 17. (Left) 2-s regions in the S�T plane at the different future colliders, combined with the HL-LHC (including also
the LEP/SLD EWPO programme). We express the results in terms of the usually normalised parameters: S = 4sin2 qwŜ/a and
T = T̂/a . The results include the future projected parametric uncertainties in the SM predictions of the different EWPO, but
not the intrinsic ones. (Right) The same illustrating the impact of neglecting such intrinsic theory errors. For each project
(including the Giga-Z option for linear colliders) the solid regions show the results in the left panel, to be compared with the
regions bounded by the dashed lines, which include the full projected theory uncertainty.
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SM uncertainties on WW production? 

• Studied at threshold (relevant for W mass measurement):

• Effect of SM uncertainty in e+e- →4f above WW threshold? Relevant for 
extraction of, e.g.,  aTGC 

C. Schwinn

7.2.4 Non-resonant and kinematic O(–2) corrections
Kinematic O(–2v) corrections and O(–2) corrections to the non-resonant cross-section in Eq. (7.21)
would be included in a full NNLOee4f calculation, which is far beyond current calculational
methods. The comparison of the NLOEFT and NLOee4f results in Section 7.1.3 indicate a well-
behaved perturbative expansion of the non-resonant corrections (Eq. (7.7)), with coe�cients
K(i) of order one. This suggests that the non-resonant and kinematic NNLO corrections are
reasonably estimated by scaling the corresponding NLO corrections,

�‡(2)
4f (s) = ‡ee4f

NNLO(s) ≠ ‡(2)
EFT(s) ¥ –

s2
W

1

‡ee4f
NLO(s) ≠ ‡(1)

EFT(s)
2

= ‡ee4f
Born(s) ◊ 0.02% (7.32)

for
Ô

s = 161–170 GeV. Therefore, these e�ects must be under control to reach the desired
accuracy for the FCC-ee. A calculation of the O(–2) non-resonant correction in the EFT involves
a combination of O(–2) corrections to the processes e≠e+ æ W±ff with O(–) corrections for
e≠e+ æ 4f. Such a computation is beyond current capabilities, but may be possible before a
full NNLOee4f calculation is available. A comparison of future NNLO calculations in the EFT
and the conventional DPA may also enable these corrections to be constrained.

7.3 Summary and outlook
The prospects of reducing the theoretical uncertainty of the total W pair production cross-
section near the threshold to the level of ≥0.01% required to fully exploit the high statistics
at a future circular e≠e+ collider have been investigated within the EFT approach, building on
results for the NLO and dominant NNLO corrections. The estimates in Section 7.2.1 suggest
that O(–2) corrections beyond the leading Coulomb e�ects [15] are of the order

�‡NNLO ¥ 0.1% ◊ ‡Born (7.33)

at the threshold and are therefore mandatory to reach FCC-ee precision. In Sections 7.2.2
and 7.2.3, the dominant, Coulomb-enhanced three-loop e�ects have been estimated to be of the
order

�‡N3LO ¥ few ◊ 0.01% ◊ ‡Born , (7.34)
based on computations or estimates of representative examples of O(–3/v2, –3/v) e�ects. These
corrections are either part of the NNLOEFT result or can be computed once this result is avail-
able. The e�ect of the remaining O(–3) corrections without Coulomb enhancement is expected
to be below the FCC-ee target accuracy. However, the accuracy of the NNLOEFT calculation
is limited by non-resonant and kinematic corrections. An extrapolation of the di�erence of the
NLOEFT and NLOee4f calculations suggests the magnitude

�‡(2)
4f ¥ 0.02% ◊ ‡Born. (7.35)

Related estimates, �‡N3LO ¥ 0.02% and �‡(non-res)
NNLO ¥ 0.016%, have been obtained using scaling

arguments and an extrapolation of the accuracy of the DPA [41]. Our results suggest that a
theory-induced systematic error of the mass measurement from a threshold scan of

�MW = (0.15 ≠ 0.45) MeV (7.36)

should be achievable, where the lower value results from assuming that the non-resonant cor-
rections are under control. In addition to the corrections considered here, it is also essential to
reduce the uncertainty from ISR corrections and QCD corrections for hadronic final states to the
required accuracy. It would also be desirable to bring the precision for di�erential cross-sections
to a similar level to that of the total cross-section.
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A. Blondel et al., arXiv: 1905.05078 [hep-ph]
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Figure 4. Sensitivity at 68% probability to deviations in the different EW couplings from a global fit to the projections
available at each future collider project. Results obtained within the SMEFT framework in the benchmark SMEFTND. Note
that Z-radiative return measurements at ILC and CLIC are included in the fit. Two different assumptions are considered for the
systematic errors. The HE-LHC results correspond to the S02 assumptions for the theory systematic uncertainties in Higgs
processes [13]. See text for details.

estimated following the studies in Ref. [4, 46] 16.

• The study in Ref. [50] of the MZH distribution in pp ! ZH,H ! bb̄ in the boosted regime for the HL-LHC [13] and
FCC-hh [1]. (This was not available for the HE-LHC.) Note that both CLIC (and to a lesser extent ILC) have access to
similar physics in the leptonic case, from the ZH measurements at 1.5/3 TeV (500/1000 GeV). Current ILC projections
for Higgs production at 1 TeV [4] are only available for the W boson fusion channel. For the fits presented in this section,
for sZH ⇥BR(H ! bb) at ILC at 1 TeV an uncertainty of 1.3% is assumed for each polarization [51].

• The pTV distribution in pp !WZ from Ref. [52] for the HL-LHC, HE-LHC and FCC-hh.

These are of course only a sample of the high-energy precision probes that could be tested at future colliders (and at HL-LHC)
so the results presented are not an exhaustive study of the potential of the different machines in this regard. (See, e.g., [53, 54].)

The results of this fit are shown in Figure 6 after the full run of each future collider project, and in Table 9. Apart from
the 68% probability bounds for each operator from the global fit, we also present the results assuming only one operator is
generated by the UV dynamics. The difference between both results is indicative of the correlations between the different
operators in the fit. These can, in some cases, be rather large. A full study of such correlations goes beyond the scope of this
report, but it is worth mentioning that some of the largest correlations typically occur between Og , OfW , OfB, OW , OB where
all contribute to the Higgs interactions with neutral vector bosons. Large correlations also connect Og and Oyu . These are

16We obtain alues of dWCEPC ⇠ 5.3⇥ 10�5, dYCEPC ⇠ 4.7⇥ 10�5, with a correlation of -0.5; dWFCC�ee(240) ⇠ 5.4⇥ 10�5, dYFCC�ee(240) ⇠ 4.9⇥ 10�5,
with the same -0.5 correlation; and dWFCC�ee ⇠ 3.2⇥10�5, dYFCC�ee ⇠ 2.9⇥10�5, with a correlation of -0.53.

22/75

Different assumptions on the 
expected size of QCD 

uncertainties for AFBb(c) by the 
different FC projects  

→ Red marks show results 
with the more  

conservative assumptions   

Snowmass 2021 - Energy Frontier Workshop 
July 21, 2020

Jorge de Blas 
IP3 - Durham University

Electroweak precision observables at the Z-pole

15

• EWPO at FC (in general) systematics dominated ⇒ Projections for future 

sensitivity to BSM deformations depends on assumptions for such systematics

• Several places where clarifications/consensus are needed:

• Hadronic forward-backward asymmetries

• Other examples: leptonic forward-backward asymmetries:

July 20, 2020

LaTeX materials for the talks at the HEFT 2020
workshop. April 2020.

J. de Blas
a†

a
Institute for Particle Physics Phenomenology, Department of Physics, Durham University,

Durham DH1 3LE, United Kingdom

Abstract

LaTeX materials for the talks at the HEFT 2020 workshop. April 2020

1 Latex Stu↵

�A
µ

FB

A
µ,SM
FB

���
FCC�ee

⇠ 5.4 ⇥ 10
�4 (1)

�A
µ

FB

A
µ,SM
FB

���
CEPC

⇠ 4.6 ⇥ 10
�3 (2)

Ci

⇤2 �! g
e↵
x

⌘ g
e↵
x

�
Ci

⇤2

�
= g

e↵
x

��
SM

+
P

↵
x

i

Ci

⇤2 + O(
C

2

⇤4 ) (3)

g
e↵ 2
HX

⌘ �H!X

�SM
H!X

(4)

O = OSM +
P

i
ai

Ci

⇤2 +
P

i,j
bij

CiC
⇤
j

⇤4 (5)

LUV(?) �!
E ⌧ ⇤

(6)

�gZ⌫⌫

g
SM
Z⌫⌫

=

0

@
�0.019 ± 0.013

�0.025 ± 0.012

0.040 ± 0.016

1

A (7)

�gZee,L

g
SM
Zee,L

=

0

@
0.001 ± 0.001

�0.001 ± 0.004

0.000 ± 0.002

1

A (8)

†
E-mail: jorge.de-blas-mateo@durham.ac.uk

1

July 20, 2020

LaTeX materials for the talks at the HEFT 2020
workshop. April 2020.

J. de Blas
a†

a
Institute for Particle Physics Phenomenology, Department of Physics, Durham University,

Durham DH1 3LE, United Kingdom

Abstract

LaTeX materials for the talks at the HEFT 2020 workshop. April 2020

1 Latex Stu↵

�A
µ

FB

A
µ,SM
FB

���
FCC�ee

⇠ 5.4 ⇥ 10
�4 (1)

�A
µ

FB

A
µ,SM
FB

���
CEPC

⇠ 4.6 ⇥ 10
�3 (2)

Ci

⇤2 �! g
e↵
x

⌘ g
e↵
x

�
Ci

⇤2

�
= g

e↵
x

��
SM

+
P

↵
x

i

Ci

⇤2 + O(
C

2

⇤4 ) (3)

g
e↵ 2
HX

⌘ �H!X

�SM
H!X

(4)

O = OSM +
P

i
ai

Ci

⇤2 +
P

i,j
bij

CiC
⇤
j

⇤4 (5)

LUV(?) �!
E ⌧ ⇤

(6)

�gZ⌫⌫

g
SM
Z⌫⌫

=

0

@
�0.019 ± 0.013

�0.025 ± 0.012

0.040 ± 0.016

1

A (7)

�gZee,L

g
SM
Zee,L

=

0

@
0.001 ± 0.001

�0.001 ± 0.004

0.000 ± 0.002

1

A (8)

†
E-mail: jorge.de-blas-mateo@durham.ac.uk

1

CC: From AFB + Ae(Pτ)

LC (with pol.): From AFB, LR

July 20, 2020

LaTeX materials for the talks at the HEFT 2020
workshop. April 2020.

J. de Blas
a†

a
Institute for Particle Physics Phenomenology, Department of Physics, Durham University,

Durham DH1 3LE, United Kingdom

Abstract

LaTeX materials for the talks at the HEFT 2020 workshop. April 2020

1 Latex Stu↵

Ab

A
SM
b

���
FCCee

⇠ 0.003 (1)

Ab

A
SM
b

���
CEPC

⇠ 0.001 (2)

Ab

A
SM
b

���
ILCGigaZ

⇠ 0.0005 (3)

Ab

A
SM
b

���
CLICGigaZ

⇠ 0.001 (4)

�A
µ

FB

A
µ,SM
FB

���
FCC�ee

⇠ 5.4 ⇥ 10
�4 (5)

�A
µ

FB

A
µ,SM
FB

���
CEPC

⇠ 4.6 ⇥ 10
�3 (6)

Ci

⇤2 �! g
e↵
x

⌘ g
e↵
x

�
Ci

⇤2

�
= g

e↵
x

��
SM

+
P

↵
x

i

Ci

⇤2 + O(
C

2

⇤4 ) (7)

g
e↵ 2
HX

⌘ �H!X

�SM
H!X

(8)

O = OSM +
P

i
ai

Ci

⇤2 +
P

i,j
bij

CiC
⇤
j

⇤4 (9)

†
E-mail: jorge.de-blas-mateo@durham.ac.uk

1

July 20, 2020

LaTeX materials for the talks at the HEFT 2020
workshop. April 2020.

J. de Blas
a†

a
Institute for Particle Physics Phenomenology, Department of Physics, Durham University,

Durham DH1 3LE, United Kingdom

Abstract

LaTeX materials for the talks at the HEFT 2020 workshop. April 2020

1 Latex Stu↵

Ab

A
SM
b

���
FCCee

⇠ 0.003 (1)

Ab

A
SM
b

���
CEPC

⇠ 0.001 (2)

Ab

A
SM
b

���
ILCGigaZ

⇠ 0.0005 (3)

Ab

A
SM
b

���
CLICGigaZ

⇠ 0.001 (4)

�A
µ

FB

A
µ,SM
FB

���
FCC�ee

⇠ 5.4 ⇥ 10
�4 (5)

�A
µ

FB

A
µ,SM
FB

���
CEPC

⇠ 4.6 ⇥ 10
�3 (6)

Ci

⇤2 �! g
e↵
x

⌘ g
e↵
x

�
Ci

⇤2

�
= g

e↵
x

��
SM

+
P

↵
x

i

Ci

⇤2 + O(
C

2

⇤4 ) (7)

g
e↵ 2
HX

⌘ �H!X

�SM
H!X

(8)

O = OSM +
P

i
ai

Ci

⇤2 +
P

i,j
bij

CiC
⇤
j

⇤4 (9)

†
E-mail: jorge.de-blas-mateo@durham.ac.uk

1

July 20, 2020

LaTeX materials for the talks at the HEFT 2020
workshop. April 2020.

J. de Blas
a†

a
Institute for Particle Physics Phenomenology, Department of Physics, Durham University,

Durham DH1 3LE, United Kingdom

Abstract

LaTeX materials for the talks at the HEFT 2020 workshop. April 2020

1 Latex Stu↵

Ab

A
SM
b

���
FCCee

⇠ 0.003 (1)

Ab

A
SM
b

���
CEPC

⇠ 0.001 (2)

Ab

A
SM
b

���
ILCGigaZ

⇠ 0.0005 (3)

Ab

A
SM
b

���
CLICGigaZ

⇠ 0.001 (4)

�A
µ

FB

A
µ,SM
FB

���
FCC�ee

⇠ 5.4 ⇥ 10
�4 (5)

�A
µ

FB

A
µ,SM
FB

���
CEPC

⇠ 4.6 ⇥ 10
�3 (6)

Ci

⇤2 �! g
e↵
x

⌘ g
e↵
x

�
Ci

⇤2

�
= g

e↵
x

��
SM

+
P

↵
x

i

Ci

⇤2 + O(
C

2

⇤4 ) (7)

g
e↵ 2
HX

⌘ �H!X

�SM
H!X

(8)

O = OSM +
P

i
ai

Ci

⇤2 +
P

i,j
bij

CiC
⇤
j

⇤4 (9)

†
E-mail: jorge.de-blas-mateo@durham.ac.uk

1

July 20, 2020

LaTeX materials for the talks at the HEFT 2020
workshop. April 2020.

J. de Blas
a†

a
Institute for Particle Physics Phenomenology, Department of Physics, Durham University,

Durham DH1 3LE, United Kingdom

Abstract

LaTeX materials for the talks at the HEFT 2020 workshop. April 2020

1 Latex Stu↵

Ab

A
SM
b

���
FCCee

⇠ 0.003 (1)

Ab

A
SM
b

���
CEPC

⇠ 0.001 (2)

Ab

A
SM
b

���
ILCGigaZ

⇠ 0.0005 (3)

Ab

A
SM
b

���
CLICGigaZ

⇠ 0.001 (4)

�A
µ

FB

A
µ,SM
FB

���
FCC�ee

⇠ 5.4 ⇥ 10
�4 (5)

�A
µ

FB

A
µ,SM
FB

���
CEPC

⇠ 4.6 ⇥ 10
�3 (6)

Ci

⇤2 �! g
e↵
x

⌘ g
e↵
x

�
Ci

⇤2

�
= g

e↵
x

��
SM

+
P

↵
x

i

Ci

⇤2 + O(
C

2

⇤4 ) (7)

g
e↵ 2
HX

⌘ �H!X

�SM
H!X

(8)

O = OSM +
P

i
ai

Ci

⇤2 +
P

i,j
bij

CiC
⇤
j

⇤4 (9)

†
E-mail: jorge.de-blas-mateo@durham.ac.uk

1

QCD sys: jet direction vs quark direction

Systematics associated to this effect?

e- e+

b b b

b b

b
Soft gluon

Hard gluon

Order of magnitude difference!
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• EW factories also offer opportunities for flavor measurements:

✓ Tera Z: ~1012 Z decays into bb to test rare b-hadron decays, 1011 τ pairs for tests 
of LFV, limits on LFV decays of the Z,…

✓ Sensitivity at Giga Z?

• EW measurements at hadrons colliders. Inputs for ESU studies limited to W 
mass and effective angle at HL-LHC:
✓ HL-LHC: ΓW ?

✓ Tests of lepton universality: Current LHC measurements of  W→l1 ν/W→l2 ν 
competitive (or even better) than LEP2.  What is the ultimate precision at the 
end of LHC era? Projections at high-E pp colliders?

FLAVO
R

P
H

Y
S

IC
S

W
ITH

TH
E

Z
FAC

TO
R

Y
O

F
C

E
P

C
79

Observable Current sensitivity Future sensitivity Tera-Z sensitivity

BR(Bs ! ee) 2.8 ⇥ 10
�7 (CDF) [438] ⇠ 7 ⇥ 10

�10 (LHCb) [435] ⇠ few ⇥ 10
�10

BR(Bs ! µµ) 0.7 ⇥ 10
�9 (LHCb) [437] ⇠ 1.6 ⇥ 10

�10 (LHCb) [435] ⇠ few ⇥ 10
�10

BR(Bs ! ⌧⌧) 5.2 ⇥ 10
�3 (LHCb) [441] ⇠ 5 ⇥ 10

�4 (LHCb) [435] ⇠ 10
�5

RK , RK⇤ ⇠ 10% (LHCb) [443, 444] ⇠few% (LHCb/Belle II) [435, 442] ⇠few %
BR(B ! K⇤⌧⌧) – ⇠ 10

�5 (Belle II) [442] ⇠ 10
�8

BR(B ! K⇤⌫⌫) 4.0 ⇥ 10
�5 (Belle) [449] ⇠ 10

�6 (Belle II) [442] ⇠ 10
�6

BR(Bs ! �⌫⌫̄) 1.0 ⇥ 10
�3 (LEP) [452] – ⇠ 10

�6

BR(⇤b ! ⇤⌫⌫̄) – – ⇠ 10
�6

BR(⌧ ! µ�) 4.4 ⇥ 10
�8 (BaBar) [475] ⇠ 10

�9 (Belle II) [442] ⇠ 10
�9

BR(⌧ ! 3µ) 2.1 ⇥ 10
�8 (Belle) [476] ⇠ few ⇥ 10

�10 (Belle II) [442] ⇠ few ⇥ 10
�10

BR(⌧!µ⌫⌫̄)
BR(⌧!e⌫⌫̄) 3.9 ⇥ 10

�3 (BaBar) [464] ⇠ 10
�3 (Belle II) [442] ⇠ 10

�4

BR(Z ! µe) 7.5 ⇥ 10
�7 (ATLAS) [471] ⇠ 10

�8 (ATLAS/CMS) ⇠ 10
�9

� 10
�11

BR(Z ! ⌧e) 9.8 ⇥ 10
�6 (LEP) [469] ⇠ 10

�6 (ATLAS/CMS) ⇠ 10
�8

� 10
�11

BR(Z ! ⌧µ) 1.2 ⇥ 10
�5 (LEP) [470] ⇠ 10

�6 (ATLAS/CMS) ⇠ 10
�8

� 10
�10

Table 2.5: Order of magnitude estimates of the sensitivity to a number of key observables for which the tera-Z factory at CEPC might have interesting capabilities.
The expected future sensitivities assume luminosities of 50 fb�1 at LHCb, 50 ab�1 at Belle II, and 3 ab�1 at ATLAS and CMS. For the tera-Z factory of CEPC we
have assumed the production of 1012

Z bosons.

Order of magnitude 
estimates available, e.g.,
from CEPC CDR Vol. 2
(arXiv: 1811.10545 [hep-ex])
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• EW measurements of e+e-→ff at high-E sensitive to different effects than Z-pole 
data.  SMEFT picture: 

4 fermion operators ⇒ effects suppressed at Z-resonance but grow with E!

• ESU 2020: This type of effects only studied for the particular case of oblique new 
physics (W & Y pars). Results available for CLIC and ILC. We estimated them for 
FCCee and CEPC

1.5 The Discovery at a Future
p
s = 33 TeV Experiment 13

Figure 1-32. Dilepton backgrounds and the

clear signal for a LR Z0
at 3 TeV for e+e� pairs

after 3000 fb
�1

.

Figure 1-33. Fully emerged signal for a LR Z0

at 3 TeV, background subtracted for e+e� pairs

after 3000 fb
�1

.

1.5.2 Run 2 of the Future Collider

The beginning of Run 2 started in January of 2030 as expected without any delays. Again, the data
taking went smoothly, and other parallel stories of new physics continued to unfold as theorists struggled to
simultaneously weave the numerous discoveries together into a new and over-arching tapestry explaining the
fundamental laws of the Universe. For the Z 0 story, tertiary measurements of SM couplings in specific decay
channels and even the possible observation of exotic decays, were helping other stories understand their
signal better as data was being recorded. As run two ended in 2034, pile-up had continued to be a battle,
but continually worked on and understood to bring an impressive dataset of 3000 fb�1 at

p
s = 33 TeV to

the physics groups for analysis. With this dataset the Z
0 analysis had been able to increase the number of

recorded Z
0 events by an order of magnitude, bringing unprecendented levels of precision to measurements

of width, mass, couplings, and even AFB (see complimentary white paper for in depth analysis [11]). The
physicists remembered how far they had come from the first days of the LHC at

p
s = 14 TeV, seeing a

few events out at high-mass (Figure 1-1) and wondering if it would just turn out to be a fluctuation of the
Standard Model. Now the picture was very di↵erent, physicist’s and indeed the World’s understanding of
the fundamental properties of the Universe had leaped almost unimaginably, and in the Z

0 analysis they
were now presented with a magnificent and clear signal shape (Figures 1-32 to 1-35), and AFB measurement
that put the discovery of a LRM model Z 0 beyond all doubt (Figure 1-36). This new particle was one that
they were almost getting used to, but which still excited even the newest Graduate students because of its
implications and the theory paradigm shifts that had occurred over the last 15 years because of it.

1.5.3 The
p
s = 33 TeV Experiment Aftermath

The achievement of Engineers and Physicists alike was astounding, a new machine had been built to go
up to energies of

p
s = 33 TeV, and over 3000 fb�1 of data had been collected from pp collisions over the

years. The journey was hard at times, and required continual maintenance and understanding of both the
accelerator and the Snowmass detector, due to the incredibly harsh environment both were being subjected
to, and the level of precision required for the physics analyses to thrive. Again we break the fourth wall and

Community Planning Study: Snowmass 2013

Ecoll

3.2 Effective description of new vector bosons 71
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Figure 3.1: Feynman diagrams relevant for the dimension-six effective Lagrangian.

The terms of order 1/M4
V contribute to operators of dimension eight and higher, and will be

neglected in the following. In particular, we see that, as promised, the “nonlinear” terms in LV−SM

do not contribute to the effective Lagrangian up to dimension six, and can be ignored. The result
Eq. (3.2) includes a few operators that are not in the basis introduced in Table 1.8. In order to
compare with previous work, it is convenient to express the result in our basis, performing some
Fierz reorderings and field redefinitions (equivalent to the use of the SM EOM on the dimension-six
operators). The final result can then be written as

LV
6 = −

ηV

2M2
V

(JV
µ )†JV µ =

∑∑∑

i

αi

M2
V

Oi

gψ1ψ2

V gψ3ψ4

V

M2
V

[ψ1 ⊗ γµψ2]RV [ψ3 ⊗ γµψ4]RV

gφ
V gφ

V

M2
V

[Φ† ⊗Dµφ]RV [Dµφ† ⊗Φ]RV

gφ
V gψ1ψ2

V

M2
V

[Φ† ⊗Dµφ]RV [ψ1 ⊗ γµψ2]RV

where Oi are the operators collected in Table 1.8, and αi their dimensionless numerical coeffi-
cients. It is clear from the general expression Eq. (3.2), and also from the Feynman diagrams in
Fig. 3.1, that the terms in the effective Lagrangian can be of three basic forms:

1. Four fermions :
g
ψ1ψ2
V g

ψ3ψ4
V

M2
V

[ψ1 ⊗ γµψ2]RV [ψ3 ⊗ γµψ4]RV .
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95 % C.L. limits on (some) dimension-six interactions
F. del Águila, J.B., Fortsch. Phys. 59 (2011) 1036-1040 (arXiv:1105.6103 [hep-ph])

Four-fermion interactions

q

q

ℓ

ℓ

φ

ψ

✓p

φ

ψ

+

φ

ψ

✚✚A φ

ψ

Operator 95% C.L. EW limits
(

lLγµlL
)

(qLγµqL) [−0.011, 0.057]
(

lLγµσI lL
)

(qLγµσIqL) [−0.006, 0.013]
(eRγµeR) (uRγµuR) [−0.113, 0.007]
(eRγµeR)

(

dRγµdR
)

[−0.074, 0.048]
(

lLuR

)

(uRlL) [−0.185, 0.092]
(

lLdR
) (

dRlL
)

[−0.222, 0.035]
(qLeR) (eRqL) [−0.018, 0.115]

Operator 95% C.L. EW limit
Global Fit Excl. MH meas.

(

φ†Dµφ
)

((Dµφ)† φ) (∼ T ) [−0.023, 0.006] [−0.105, 0.027]
φ†σaφ W a

µνB
µν (∼ S) [−0.007, 0.003] [−0.012, 0.020]

T = −
α(3)
φ

2α

v2

Λ2
S =

4scαWB

α

v2

Λ2
(6)
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Model-independent bounds

Ld =
∑

i

αd
iOd

i (4)

[

Od
i

]

= d (5)

E ≪ Λ (6)

ψ2

ψ1

ψ4

ψ3

q

q

ℓ

ℓ

φ

ψ

✓p

φ

ψ

+

φ

ψ

✚✚A φ

ψ

Operator 95% C.L. EW limits on
Oi αi/Λ2

[

TeV−2
]

(

lLγµlL
)

(qLγµqL) [−0.011, 0.057]
(

lLγµσI lL
)

(qLγµσIqL) [−0.006, 0.013]
(eRγµeR) (uRγµuR) [−0.113, 0.007]
(eRγµeR)

(

dRγµdR
)

[−0.074, 0.047]
(

lLuR

)

(uRlL) [−0.185, 0.092]
(

lLdR
) (

dRlL
)

[−0.222, 0.035]
(qLeR) (eRqL) [−0.018, 0.115]
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The effects of polarization are only sizable along the direction W ⇡ �Y . The impact of polariz-
ation is however much more pronounced in the constraints set by each individual difermion channel, as
shown in Figure 25, and it is only washed out in the global fit due to the complementarity between the
different channels. From the figure it is also apparent that the constraints from the top quark channel,
which is subject to larger systematics and whose statistics is more affected by the different selection
efficiencies, are fairly irrelevant in the global fit. Finally, as shown in the left panel of Figure 26, and it
is expected from the energy dependence of the new physics contributions, the bounds on W and Y are
dominated by the 3 TeV run.

Figure 25: (Left) 95% C.R. in the W -Y plane, profiling over S and T , for the different final fermion
states, assuming the CLIC Baseline scenario. (Right). The same in the scenario assuming CLIC operation
with unpolarized beams.
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Figure 26: (Left) 95% C.R. in the W -Y plane, profiling over S and T , including data only from
p

s =
380, 1500 and 3000 GeV, respectively, and assuming the CLIC Baseline scenario. (Right). 95% C.L.
limit in the g⇤-m⇤ plane assuming CLIC operation with polarized beams and 0.3% systematics.

The results presented above can be interpreted within more definite scenarios, either via match-
ing of the SMEFT with specific UV completions [72–86] or using power-counting rules for classes of
models [17, 51]. For instance, assuming the Higgs originates from a strongly coupled strongly sector
characterized by only one coupling g⇤ and one scale m⇤,

W = 2
g2

g2
⇤

M2
W

m2
⇤

, Y = 2
g0 2

g2
⇤

M2
W

m2
⇤

. (50)

One can therefore translate the bounds on W and/or Y into exclusion regions in the g⇤-m⇤ plane. These
are shown in Figure 26 for �sys = 0.3%, for the cases where the new physics only generates contributions
to one of the 2 parameters, W or Y .
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Universal NP
W & Y parameters

 CLIC~25x better than HL-LHC
Similar to 100 TeV FCC-hh
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Electroweak measurements above the Z-pole

18

• Snowmass 2021: Can we also constrain all possible 4-fermion structures when 
departing from the oblique assumptions?

• Complementarity Circular/Linear Colliders: Use Z-pole measurements to keep 
Zff corrections under control/Benefit from high-E to constrain 4-fermion effects.

• Interplay with low-energy precision experiments? e.g.  atomic parity violation

X3 ϕ6 and ϕ4D2 ψ2ϕ3

QG fABCGAν
µ GBρ

ν GCµ
ρ Qϕ (ϕ†ϕ)3 Qeϕ (ϕ†ϕ)(l̄perϕ)

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ Qϕ! (ϕ†ϕ)!(ϕ†ϕ) Quϕ (ϕ†ϕ)(q̄purϕ̃)

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ QϕD

(
ϕ†Dµϕ

)⋆ (
ϕ†Dµϕ

)
Qdϕ (ϕ†ϕ)(q̄pdrϕ)

QW̃ εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

X2ϕ2 ψ2Xϕ ψ2ϕ2D

QϕG ϕ†ϕGA
µνG

Aµν QeW (l̄pσµνer)τ IϕW I
µν Q(1)

ϕl (ϕ†i
↔

Dµ ϕ)(l̄pγµlr)

QϕG̃ ϕ†ϕ G̃A
µνG

Aµν QeB (l̄pσµνer)ϕBµν Q(3)
ϕl (ϕ†i

↔

D I
µ ϕ)(l̄pτ

Iγµlr)

QϕW ϕ†ϕW I
µνW

Iµν QuG (q̄pσµνTAur)ϕ̃GA
µν Qϕe (ϕ†i

↔

Dµ ϕ)(ēpγµer)

Q
ϕW̃

ϕ†ϕ W̃ I
µνW

Iµν QuW (q̄pσµνur)τ I ϕ̃W I
µν Q(1)

ϕq (ϕ†i
↔

Dµ ϕ)(q̄pγµqr)

QϕB ϕ†ϕBµνBµν QuB (q̄pσµνur)ϕ̃Bµν Q(3)
ϕq (ϕ†i

↔

D I
µ ϕ)(q̄pτ

Iγµqr)

QϕB̃ ϕ†ϕ B̃µνBµν QdG (q̄pσµνTAdr)ϕGA
µν Qϕu (ϕ†i

↔

Dµ ϕ)(ūpγµur)

QϕWB ϕ†τ IϕW I
µνB

µν QdW (q̄pσµνdr)τ IϕW I
µν Qϕd (ϕ†i

↔

Dµ ϕ)(d̄pγµdr)

QϕW̃B ϕ†τ Iϕ W̃ I
µνB

µν QdB (q̄pσµνdr)ϕBµν Qϕud i(ϕ̃†Dµϕ)(ūpγµdr)

Table 2: Dimension-six operators other than the four-fermion ones.

3 The complete set of dimension-five and -six operators

This Section is devoted to presenting our final results (derived in Secs. 5, 6 and 7) for the basis

of independent operators Q(5)
n and Q(6)

n . Their independence means that no linear combination
of them and their Hermitian conjugates is EOM-vanishing up to total derivatives.

Imposing the SM gauge symmetry constraints on Q(5)
n leaves out just a single operator [20],

up to Hermitian conjugation and flavour assignments. It reads

Qνν = εjkεmnϕ
jϕm(lkp)

TClnr ≡ (ϕ̃†lp)
TC(ϕ̃†lr), (3.1)

where C is the charge conjugation matrix.2 Qνν violates the lepton number L. After the
electroweak symmetry breaking, it generates neutrino masses and mixings. Neither L(4)

SM nor
the dimension-six terms can do the job. Thus, consistency of the SM (as defined by Eq. (1.1)
and Tab. 1) with observations crucially depends on this dimension-five term.

All the independent dimension-six operators that are allowed by the SM gauge symmetries
are listed in Tabs. 2 and 3. Their names in the left column of each block should be supplemented
with generation indices of the fermion fields whenever necessary, e.g., Q(1)

lq → Q(1)prst
lq . Dirac

indices are always contracted within the brackets, and not displayed. The same is true for the

2 In the Dirac representation C = iγ2γ0, with Bjorken and Drell [21] phase conventions.

3

(L̄L)(L̄L) (R̄R)(R̄R) (L̄L)(R̄R)

Qll (l̄pγµlr)(l̄sγµlt) Qee (ēpγµer)(ēsγµet) Qle (l̄pγµlr)(ēsγµet)

Q(1)
qq (q̄pγµqr)(q̄sγµqt) Quu (ūpγµur)(ūsγµut) Qlu (l̄pγµlr)(ūsγµut)

Q(3)
qq (q̄pγµτ Iqr)(q̄sγµτ Iqt) Qdd (d̄pγµdr)(d̄sγµdt) Qld (l̄pγµlr)(d̄sγµdt)

Q(1)
lq (l̄pγµlr)(q̄sγµqt) Qeu (ēpγµer)(ūsγµut) Qqe (q̄pγµqr)(ēsγµet)

Q(3)
lq (l̄pγµτ I lr)(q̄sγµτ Iqt) Qed (ēpγµer)(d̄sγµdt) Q(1)

qu (q̄pγµqr)(ūsγµut)

Q(1)
ud (ūpγµur)(d̄sγµdt) Q(8)

qu (q̄pγµTAqr)(ūsγµTAut)

Q(8)
ud (ūpγµTAur)(d̄sγµTAdt) Q(1)

qd (q̄pγµqr)(d̄sγµdt)

Q(8)
qd (q̄pγµTAqr)(d̄sγµTAdt)

(L̄R)(R̄L) and (L̄R)(L̄R) B-violating

Qledq (l̄jper)(d̄sq
j
t ) Qduq εαβγεjk

[
(dαp )

TCuβr
] [
(qγjs )TClkt

]

Q(1)
quqd (q̄jpur)εjk(q̄ksdt) Qqqu εαβγεjk

[
(qαjp )TCqβkr

] [
(uγs )

TCet
]

Q(8)
quqd (q̄jpT

Aur)εjk(q̄ksT
Adt) Qqqq εαβγεjnεkm

[
(qαjp )TCqβkr

] [
(qγms )TClnt

]

Q(1)
lequ (l̄jper)εjk(q̄

k
sut) Qduu εαβγ

[
(dαp )

TCuβr
] [
(uγs )

TCet
]

Q(3)
lequ (l̄jpσµνer)εjk(q̄

k
sσ

µνut)

Table 3: Four-fermion operators.

isospin and colour indices in the upper part of Tab. 3. In the lower-left block of that table,
colour indices are still contracted within the brackets, while the isospin ones are made explicit.
Colour indices are displayed only for operators that violate the baryon number B (lower-right
block of Tab. 3). All the other operators in Tabs. 2 and 3 conserve both B and L.

The bosonic operators (classes X3, X2ϕ2, ϕ6 and ϕ4D2) are all Hermitian. Those containing
X̃µν are CP-odd, while the remaining ones are CP-even. For the operators containing fermions,
Hermitian conjugation is equivalent to transposition of generation indices in each of the fermionic
currents in classes (L̄L)(L̄L), (R̄R)(R̄R), (L̄L)(R̄R), and ψ2ϕ2D2 (except for Qϕud). For the
remaining operators with fermions, Hermitian conjugates are not listed explicitly.

If CP is defined in the weak eigenstate basis then Q−
(+)

Q† are CP-odd (-even) for all the
fermionic operators. It follows that CP-violation by any of those operators requires a non-
vanishing imaginary part of the corresponding Wilson coefficient. However, one should remem-
ber that such a CP is not equivalent to the usual (“experimental”) one defined in the mass
eigenstate basis, just because the two bases are related by a complex unitary transformation.

Counting the entries in Tabs. 2 and 3, we find 15 bosonic operators, 19 single-fermionic-
current ones, and 25 B-conserving four-fermion ones. In total, there are 15+19+25=59 inde-
pendent dimension-six operators, so long as B-conservation is imposed.
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Q(3)
qq (q̄pγµτ Iqr)(q̄sγµτ Iqt) Qdd (d̄pγµdr)(d̄sγµdt) Qld (l̄pγµlr)(d̄sγµdt)

Q(1)
lq (l̄pγµlr)(q̄sγµqt) Qeu (ēpγµer)(ūsγµut) Qqe (q̄pγµqr)(ēsγµet)

Q(3)
lq (l̄pγµτ I lr)(q̄sγµτ Iqt) Qed (ēpγµer)(d̄sγµdt) Q(1)
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ud (ūpγµTAur)(d̄sγµTAdt) Q(1)

qd (q̄pγµqr)(d̄sγµdt)

Q(8)
qd (q̄pγµTAqr)(d̄sγµTAdt)

(L̄R)(R̄L) and (L̄R)(L̄R) B-violating

Qledq (l̄jper)(d̄sq
j
t ) Qduq εαβγεjk

[
(dαp )

TCuβr
] [
(qγjs )TClkt

]

Q(1)
quqd (q̄jpur)εjk(q̄ksdt) Qqqu εαβγεjk

[
(qαjp )TCqβkr

] [
(uγs )

TCet
]

Q(8)
quqd (q̄jpT

Aur)εjk(q̄ksT
Adt) Qqqq εαβγεjnεkm

[
(qαjp )TCqβkr

] [
(qγms )TClnt

]

Q(1)
lequ (l̄jper)εjk(q̄

k
sut) Qduu εαβγ

[
(dαp )

TCuβr
] [
(uγs )

TCet
]

Q(3)
lequ (l̄jpσµνer)εjk(q̄

k
sσ

µνut)

Table 3: Four-fermion operators.

isospin and colour indices in the upper part of Tab. 3. In the lower-left block of that table,
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Colour indices are displayed only for operators that violate the baryon number B (lower-right
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15 10. Electroweak Model and Constraints on New Physics

The uncertainties associated with the atomic wave function calculations are relatively small for
cesium [9,174–176]. State-of-the-art many-body atomic structure computations of the parity non-
conserving amplitude, Im EPNC = (0.8977 ± 0.0040) ◊ 10≠11

|e| aB QW /N [177–182], together with
the measurements [160,161] which can be combined to give Im EPNC/— = ≠1.5924±0.0055 mV/cm,
imply,

QW (133
78Cs) = ≠72.82 ± 0.26 exp. ± 0.33 th. , (10.34)

or equivalently the constraint, 55g
ep

AV
+ 78g

en

AV
= 36.46 ± 0.21. Within the SM this can also be

translated into a determination of the weak mixing angle, ‚s 2(2.4 MeV) = 0.2367±0.0018, where the
scale setting follows the estimate in Ref. [183] for the typical momentum transfer for parity violation
experiments in Cs (the corresponding estimate for Tl amounts to 8 MeV). By comparing di�erent
hyperfine transitions, the Boulder experiment in cesium also observed the parity violating weak
corrections to the nuclear electromagnetic vertex, called the nuclear anapole moment [184–186].

The theoretical atomic structure uncertainties are 3% for thallium [187] and even larger for
the other atoms. However, they mostly cancel if one takes ratios of parity violation in di�erent
isotopes [188]. The first result of this type of experiment was announced very recently by the Mainz
group [189], who studied APV in 100Yb, 102Yb, 104Yb, and 106Yb, at the 0.5% level. The resulting
three ratios can be interpreted as a measurement of ‚s 2

0 = 0.258 ± 0.052, and represent a very
complementary approach to search for BSM physics [190]. If the precision increases in the future,
one would ultimately face uncertainties from di�erences in the neutron charge radii [191,192]. These
can be constrained experimentally [193], e.g., by measuring ARL in heavier nuclei as done by the
PREX collaboration at Je�erson Lab on 208Pb [194].

10.4 Precision flavor physics
In addition to cross-sections, asymmetries, parity violation, W , Z, Higgs and other collider

physics, there is a large number of experiments and observables testing the flavor structure of the
SM. These are addressed elsewhere in this Review, and are generally not included in this Section.
However, we identify three precision observables with sensitivity to similar types of new physics as
the other processes discussed here. The branching fraction of the flavor changing transition b æ s“

is of comparatively low precision, but since it is a loop-level process (in the SM) its sensitivity to
new physics (and SM parameters, such as heavy quark masses) is enhanced. A discussion can be
found in the 2010 edition of this Review.

The · lepton lifetime and leptonic branching ratios are primarily sensitive to –s and not af-
fected significantly by many types of new physics. However, having an independent and reliable
low energy measurement of –s in a global analysis allows the comparison with the Z lineshape de-
termination of –s which shifts easily in the presence of new physics contributions. By far the most
precise observable discussed here is the anomalous magnetic moment of the muon. Its combined ex-
perimental and theoretical uncertainty is smaller than typical electroweak scale contributions. The
electron magnetic moment is measured to even greater precision, and as discussed in Sec. 10.2.2
can be used to determine –. Its new physics sensitivity, however, is suppressed by an additional
factor of m

2
e/m

2
µ, unless there is a new light degree of freedom such as a dark Z [195] boson.

10.4.1 The · lifetime
The extraction of –s from the · lifetime ·· [196,197] is standing out from other determinations

because of a variety of independent reasons:

(i) The · -scale is low, so that upon extrapolation to the Z scale (where it can be compared to
the theoretically clean Z lineshape determinations) the –s error shrinks by about an order of
magnitude.
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Figure 13: A comparison of the reach on aTGCs from the binned method used in ref. [67]
and the optimal observables for the diboson measurement at CEPC 240 GeV. To match
ref. [67], we use both the total rate and the normalized distributions of the semileptonic
channel, and impose the TGC dominance assumption. A 80% signal selection e�ciency is
assumed in ref. [67].

is achieved using optimal observables, which reduced the strong correlation between them
from ≠0.9 (of the binned distribution method) to ≠0.6. The improvement is still outstand-
ing even with the conservative 50% e�ciency used in our analysis. Note however that they
remain degeneracies between Higgs and EW parameters that cannot be resolved with WW

measurements alone, even with optimal use of the available di�erential information.

Treatment of Higgsstrahlung production The three relevant angles in the process
e+e≠

æ hZ, Z æ ¸+¸≠ are the production polar angle and the Z decay polar and azimuthal
angles. In refs. [80, 81], the information contained in angular distributions was extracted
using asymmetries. While this approach captures all the essential information, the corre-
lations among the asymmetry observables are omitted, which results in a reduction in the
sensitivity. We instead construct statistically optimal observables from these three angles
using equation (D.6) and (D.7), keeping only the linear CP-even EFT dependences. We
use only the h æ bb̄ and Z æ e+e≠/µ+µ≠ channel, which is almost background free after
the selection cuts. The ‰2 is computed analytically, including only statistical uncertainties
with a universal 40% signal e�ciency. Note that the bb̄ pair is only used for tagging the
Higgs and reducing backgrounds. The flat distribution of scalar decay product does not
contain useful information.

E Input for the global fits

In this section, we give a list of inputs that we used in the fits for the various colliders.
The same inputs can also be provided as configuration files for HEPfit on request which
can be used for reproducing our results. While we try to give a complete list of inputs in
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• EFT studies: Current projections based on sensitivity to aTGC ONLY in 
differential angular distributions (ignoring correlations between bins)

• In JHEP12 (2019) 117 we prepared a new sensitivity study using full info about each 
event in the formalism of “optimal statistical observables” (OO):
✓ We consider all possible BSM deformations within the dim-6 SMEFT framework
✓ Default method only accounts for statistical sensitivity                                     
⇒ Compensate omission of systematics via conservative selection efficiency ε
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is achieved using optimal observables, which reduced the strong correlation between them
from ≠0.9 (of the binned distribution method) to ≠0.6. The improvement is still outstand-
ing even with the conservative 50% e�ciency used in our analysis. Note however that they
remain degeneracies between Higgs and EW parameters that cannot be resolved with WW

measurements alone, even with optimal use of the available di�erential information.
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æ hZ, Z æ ¸+¸≠ are the production polar angle and the Z decay polar and azimuthal
angles. In refs. [80, 81], the information contained in angular distributions was extracted
using asymmetries. While this approach captures all the essential information, the corre-
lations among the asymmetry observables are omitted, which results in a reduction in the
sensitivity. We instead construct statistically optimal observables from these three angles
using equation (D.6) and (D.7), keeping only the linear CP-even EFT dependences. We
use only the h æ bb̄ and Z æ e+e≠/µ+µ≠ channel, which is almost background free after
the selection cuts. The ‰2 is computed analytically, including only statistical uncertainties
with a universal 40% signal e�ciency. Note that the bb̄ pair is only used for tagging the
Higgs and reducing backgrounds. The flat distribution of scalar decay product does not
contain useful information.

E Input for the global fits

In this section, we give a list of inputs that we used in the fits for the various colliders.
The same inputs can also be provided as configuration files for HEPfit on request which
can be used for reproducing our results. While we try to give a complete list of inputs in
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Electroweak measurements: Multi-boson production

W+W- production at future lepton colliders
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EFT Higgs couplings and aTGC: dependence on e+e-→W+W- projections
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Figure 6: Impact of diboson measurement precision on Higgs and triple-gauge couplings.
Our default assumption, adopted in figure 2, is also shown here as dark-shaded bars. It
corresponds to an overall e�ciency ‘ of 50% (see section 2.3). The results obtained with
an ideal 100% and a lower 1% e�ciency are shown as vertical lines and light shaded bars
respectively. The run scenarios of the future lepton colliders are summarized in figure 1.

play of Higgs and EW measurements. To avoid showing a large set of 28 ◊ 28 matrices,
we present a scheme-ball illustration in figure 5, which highlights large correlations with
lines connecting pairs of couplings in its inner circle. The circular collider projections in-
clude both Z-pole and WW threshold measurements. At linear colliders, the EW and the
Higgs sector appear clearly connected due to the absence of new Z-pole measurements.
Strong correlations are present between aTGCs and other electroweak couplings. This
clearly shows again that the electroweak, triple-gauge, and Higgs sectors of the e�ective
field theory would become significantly entangled with the advent of future lepton colliders.

We further investigate the impacts of diboson measurements and beam polarizations
in the rest of this section.

3.1 Impact of W W measurements

As explained in section 2.3, our prospects for WW measurements neglect backgrounds,
detector e�ects and systematic uncertainties but assume a conservative overall e�ciency
‘ of 50%. We examine in figure 6 the impact of di�erent assumptions for ‘ on Higgs and
triple-gauge coupling prospects. This exercise also more generally allows us to visualize
the constraining power of diboson measurements. In comparison with the default ‘ =
50% prospects shown as dark-shaded bars, the ideal ‘ = 100% and pessimistic ‘ = 0.01
ones are respectively shown with vertical lines and light shaded columns. The results in
figure 6 clearly show that WW measurements dominate the reach on aTGCs. A sizeable
impact is also observed on the ”gZZ

H
and ”gW W

H
couplings constrained by measurements

in which aTGCs also enter. It is more severe at the CEPC and FCC-ee when only Higgs
measurements at 240 GeV are included. Reducing ‘ from 50% to 1% worsens diboson
measurement precision by a factor of


0.5/0.01 ƒ 7 and increases the uncertainties on

”gZZ

H
and ”gW W

H
by a factor of about 2. This also indirectly a�ects ”gbb

H
and ”g··

H
. Including

higher energy runs helps reducing the impact diboson measurements. Higgs measurements
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Influence of the assumptions in the OO study 
of WW production in the extraction of H 

couplings & aTGC
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What is the potential of the method in presence of “realistic” systematics (EXP/TH)?
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• Multi-boson processes, E-growth and Higgs couplings:

• In general, multi-boson processes (including VBS) not included in ESU 2020 studies. 
What is the potential of this type of complementary probes of h couplings?

✓ Some studies available in CLIC YRs (arXiv: 1812.02093[hep-ph]).

✓ See also A. Costantini et al. arXiv: 2005.10289 [hep-ph] for VBF/VBS at muon 
colliders

• Include also differential info in WZ, Wh, WW,… at 100 TeV hadron colliders. See, e.g.,              
recent study of Wh in F. Bishara et al., JHEP 07 (2020) 075 (arXiv: 2004.06122 [hep-ph].
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jHj2 ¼ 1

2
½v2 þ 2hvþ h2 þ 2ϕþϕ− þ ðϕ0Þ2&; ð2Þ

where v ¼ 246 GeV is the Higgs vacuum expectation
value, h is the physical Higgs boson, and ϕ';0 are the
would-be longitudinal polarizations of W and Z bosons.
From the operators in Eq. (1), the piece ∝ v2 can be
reabsorbed via a redefinition of the SM input parameters
and is therefore unobservable [17,18]; the piece ∝ vh
constitutes instead the core of the HC measurements
program, as it implies modifications to single-Higgs
processes (triple Higgs processes for O6), and can be
matched easily to the κ framework. The h2 piece was
discussed in Refs. [19–21] in the context of double-Higgs
production. In this Letter we focus on the last two terms in
Eq. (2) and study processes with longitudinal gauge bosons
instead of processes with an on-shell Higgs boson; we dub
this search strategy “Higgs without Higgs”—HwH in short.
The first ingredient in this program is to identify which

processes grow maximally with energy once Higgs cou-
plings are modified. There is a quick and intuitive way to
assess this based on (1) dimensional analysis, (2) our
choice of EFT basis Eq. (1), and (3) the parametrization
chosen in Eq. (2), where the longitudinal polarizations are
explicitly represented by their scalar high-energy counter-
part [22–24]. For v → 0, the operators of Eq. (1) contri-
bute directly to contact interactions with n ¼ 4 fields
(OWW;OBB;OGG;Or), 5 fields (Oyψ ), or 6 fields (O6),

with a coupling ∝ 1=Λ2 that carries two inverse powers of
mass dimensions. At high-energy (E ≫ mW;h;t), dimen-
sional analysis implies that amplitudes generated by these
contact vertices are maximally energy growing; therefore,
generically, we expect that the BSM and SM contributions
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Table I shows the relevant processes that exhibit this
behavior; more explicitly, at hadron (lepton) colliders,
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and Vð0Þ is any (longitudinal or transverse) vector, including
photons, while l denotes either a charged lepton l' or a
neutrino, depending on the final state. Notice that the
amplitude associated with the modified couplings grows
quadratically with energy E2 [with the exception of Eq. (5),
see below].
In the following paragraphs we explore these processes

in turn and provide a first estimate of the potential HwH
reach at the HL-LHC in comparison with the reach from
Higgs couplings measurements. Our results are based on
leading order MadGraph simulations [25], where the Higgs
couplings have been modified using FeynRules [8] and
checked against the model of Ref. [26].
Top Yukawa coupling.—Modifications of the Yukawa

coupling of the Higgs boson to top quarks is reputedly
difficult to measure on the h resonance [27]; however,
according to the above discussion, an anomalous top quark
Yukawa coupling induces a quadratic energy growth in the
five point amplitude AðbV → tVVÞ. This amplitude leads
to a process with a final state consisting of a top quark, a
forward jet, and two longitudinally polarized vector bosons
in the final state; see Eq. (4). Notice that these have a
smaller energy threshold compared with the tth final state
used in HC measurements. (See also Ref. [28] that studies
thj final states which exhibits linear E growth with
modifications of the top Yukawa coupling.)
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Multi-V probes of E-enhanced Higgs operators 
at hadron (lepton) colliders

Electroweak measurements: Multi-boson production
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• ESU 2020 studies used simplified assumptions to study the Top Sector, ignoring:

• A task for the Snowmass 2021 studies should be to incorporate these effects, and 
study in a precise way the interplay between the EW/Higgs/Top measurements. For 
instance:

✓ At NLO Top effects can generate sizable effects in EW/Higgs data:
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3 Theory predictions

To the precision needed for this work, the theory pre-
dictions for, e.g., total cross sections can be written as

�=�SM+Ch(µEFT)�tree

+Ct(µEFT)
↵EW

⇡

✓
�log log

Q
2

µ2

EFT

+�fin

◆
.

(10)

Here, Ch(µEFT) is the coe�cient of some Higgs or TGC
operator Oh that contributes at the tree level, and µEFT

is the scale at which the coe�cient is defined. In this
work we take µEFT =mH for all measurements. Ct is the
coe�cient of some top-quark operator Ot which enters
at the loop level and could potentially mix into Oh. Q

2

is the scale of the process. The calculation of �tree is
straightforward while �log can be obtained from the run-
ning of SMEFT coe�cients. In this section, we review
the computation of the genuine electroweak corrections
�fin carried out in Ref. [12] for Higgs processes. We then
compute them for e+e� !W

+
W

� production.

t
t

t

t

Fig. 1. Selected diagrams for dimension-six top-
quark contributions to e

+
e
� ! W

+
W

�. Red
lines represent the top quark. Blobs represent
dimension-six operator insertions.

The complete set of electroweak NLO corrections
from top-quark operators to precision electroweak opera-
tors was first given in Ref. [26]. Results can conveniently
be obtained in the “star scheme” [27], because all con-
tributions are oblique. For Higgs production this is not
any longer the case. In addition to the V V self-energy
corrections one has to compute also hh and hV V func-
tions, where V is a photon, W or Z boson. While several
calculations were available in the literature [13–19], the
complete results for top-quark operator contributions to
Higgs production in the V h and VBF channels, as well
as decay modes h! ��,�Z,Wl⌫,Zll, bb̄,µµ,⌧⌧ were first
presented in Ref. [12]. This excludes the four-fermion op-
erators mentioned previously. The calculation is imple-
mented in the MadGraph5 aMC@NLO framework [28]
whose reweighting functionality [29] is used to compute
the dimension-six top- and bottom-quark loop contribu-
tions. The SM parameters are renormalized consistently

in the mW , mZ and GF scheme up to dimension six, and
operator coe�cients are renormalized in the MS scheme.
The rational R2 counterterms are computed following
the scheme of Ref. [30–32], for ZZ, hh, hV V , ffV and
ffh loop functions. The implementation provides an
automatic and convenient way to simulate indirect con-
tributions from top-quark operators, which enter Higgs
processes as NLO electroweak corrections. Events can
be generated and matched to parton shower, allowing
for detailed investigations using the full di↵erential in-
formation.

It is well known that, in the SMEFT formalism, the
measurements of Higgs couplings and TGCs are entan-
gled [33–35]. W pair production is therefore an impor-
tant component of global Higgs analyses at future lep-
ton colliders. For this reason, we extend the calcula-
tion of Ref. [12] to incorporate the e

+
e
�
!W

+
W

� pro-
cess. Some diagrams involving dimension-six operators
are shown in Fig. 1. Additional counterterms need to be
computed for theWW� andWWZ vertexes. Among the
three TGC operators, only OW and OB are renormalized
by top-quark operators. The anomalous dimensions are
derived in Ref. [12]. Another di�culty is that the WW�

function involves a triangle anomaly diagram. In our
scheme, this implies that the R2 counterterms depend
on the choice of the vertex from which the trace of the
fermion loop starts. This e↵ect is in principle canceled
by a Wess-Zumino term generated when chiral fermions
in the full theory are integrated out [36]. The problem
can be fixed by imposing the Ward identity of the pho-
ton in the low-energy e↵ective theory. We provide more
details in Appendix A. We have validated our implemen-
tation of the WW� vertex by computing processes with
an external photon and checking that the Ward identity
is satisfied.

Our global analysis relies on the assumption that
precision electroweak measurements are perfectly con-
strained to be SM-like. This has consequences on our
renormalization scheme, as explained in the following.

In our operator basis, precision electroweak observ-
ables receive tree-level contributions from O'WB and
O'D operators. At that order, their coe�cients are
thus simply removed from the fit by assuming the mea-
surements of precision electroweak observables perfectly
match SM predictions. Top-quark operators however
start contributing at the loop level. In the MS scheme,
the same assumption implies that C'WB and C'D need
to take specific values to cancel these loop corrections.
These nonzero values will then in turn modify other
Higgs production and decay channels, making the fit
more complicated. In Ref. [12], a more convenient ap-
proach has been followed, where C'WB and C'D are de-
fined in the on-shell scheme using oblique parameters as
renormalization conditions. Therefore, if the oblique pa-

4

E. Vryonidou, C. Zhang, 
JHEP 08 (2018) 036 (arXiv:1804.09766  [hep-ph]) 

Prepared for Chinese Physics CPrepared for Chinese Physics CPrepared for Chinese Physics C

to future study. As these four-fermion operators are in-
cluded in the global tree-level analysis of Ref. [11], we set
their coe�cients to zero when using results from there.

Our global analysis of Higgs and diboson measure-
ments is based on that of Ref. [5]. Various observables
are combined to constrain e�ciently all directions of the
multidimensional space spanned by the Higgs and top-
quark operator coe�cients. They will be discussed in
Section 4. We work under the same assumptions: de-
parting from flavor universality only to single out top-
quark operators and distinguish the various measurable
Yukawa couplings, as well as taking electroweak and CP-
violating observables perfectly SM-like. We also neglect
the quadratic contributions of dimension-six operators as
justified in Ref. [5]. Operators that modify Higgs cou-
plings and TGCs are then captured by the following 12
parameters of the Higgs basis:

�cZ , cZZ , cZ⇤, c̄�� , c̄Z� , c̄gg,

�yt, �yc, �yb, �y⌧ , �yµ, �Z .
(2)

As described in Ref. [5] (with di↵erent notations), they
can be easily mapped to the coe�cients of 12 SILH-like
basis operators:
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,

(3)
where Q is the third-generation quark doublet. The sub-
scripts 2, 3 are flavor indexes (weak and mass eigenstate
fermions are not distinguished, approximating mixing
matrixes by the identity). The assumption of perfect
electroweak precision measurements in Ref. [5] allowed
to disregard the two operators

O'WB ='
†
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µ⌫
, O'D =
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'
†
Dµ'

�
.

(4)

In this work, this assumption must be enforced at the
one-loop level, including also top-quark operators. This
will be discussed in the next section.

The 14 Higgs operators above form a set consistent
with the basis employed in the calculation of Ref. [12].
The top-quark operators considered here are the follow-
ing:
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+h.c. . (5)

The O'tb operator is neglected because its interferences
with SM amplitudes are suppressed by a factor of mb. In
addition, we define

O
(+)

'Q
⌘

1

2

⇣
O

(1)

'Q
+O

(3)

'Q

⌘
, O

(�)

'Q
⌘

1

2

⇣
O

(1)

'Q
�O

(3)

'Q

⌘
, (6)

and exclude O
(+)

'Q
which a↵ects the tightly constrained

Z ! bb̄ branching fraction and asymmetry. Note that
Ot' has been included already in the Higgs operators,
and its coe�cient has a simple relation with �yt:⇤

�yt =�
Ct'v

2

⇤2
. (7)

In summary, the following 6 top-quark operator coe�-
cients are included in our analysis:

C't, C
(�)

'Q
, CtW , CtB, Ct', CtG. (8)

Apart from the top-quark operators, loop corrections
also provide new opportunities for indirectly constrain-
ing the Higgs trilinear coupling, �3. The modification
in the this coupling is induced by a dimension-six op-
erator O' = ('†

')3. The coupling can be directly con-
strained at the LHC, but only at the O(1) level even as-
suming the high luminosity scenario [25]. It was shown
in Ref. [10] that the measurements of the Higgsstrahlung
process at lepton colliders can have an indirect but com-
petitive reach on this coupling via its loop contribution.
A global analysis was performed in Ref. [8], which showed
that the discrimination between the Higgs trilinear cou-
pling and other Higgs operators is possible, but never-
theless nontrivial. In this work, to determine the impact
of �3 on the global reach of the top-quark operators, we
follow Ref. [8] and include its one-loop contribution to all
the single Higgs processes, parameterized by ��⌘��1,
where � is the ratio of the Higgs trilinear coupling to
its SM value,

�⌘
�3

�SM

3

, �
SM

3
=

m
2

h

2v2
. (9)

By turning on and o↵ this coupling in our fit, we will see
by how much the determination of top-quark couplings
will be a↵ected.

⇤�yt receives an additional contribution from C'⇤. It is ommited because �yt in our calculation enters at the loop level, while we
only aim at the LO contribution from C'⇤.

3

In the second HL-LHC scenario, S2, the di�erence between the nominal fit and a fit
based on a parameterization that only considers the �≠2 terms is indeed reduced signifi-
cantly. In fact, for most of the observables the former gives better constraints (by a factor
3 at most) due to the fact that the observables depend on less parameters because of the
vanishing �≠4 terms for CbW , CbB and CÏtb in the mb æ 0 limit. However, the �≠4 term
still plays an important role for CtB due to the suppression of the linear term explained in
section 2.

The high-precision measurements in e+e≠ collisions improve the bounds by at least an
order of magnitude and bring most operator coe�cients safely into the range where the
EFT expansion is valid in full generality. The di�erence between the nominal fit and the
fit based on only �≠2 terms is reduced to less than 20%.

5.5 Four-fermion operators of the form e
+

e
≠

Q Q̄

In this subsection, we discuss the perspective for an extension of the fit to the complete
set of CP-conserving dimension-six operators that a�ect the bottom and top-quark EW
couplings.

The two-lepton-two-quark operators contributing to e+e≠t t̄ and e+e≠b b̄ (as well as
‹e≠tb̄) interactions are the following:

O1
lq

©
1
2 q̄“µq l̄“µl ,

O3
lq

©
1
2 q̄· I“µq l̄· I“µl ,

Olu ©
1
2 ū“µu l̄“µl ,

Old ©
1
2 d̄“µd l̄“µl ,

Oeq ©
1
2 q̄“µq ē“µe,

Oeu ©
1
2 ū“µu ē“µe,

Oed ©
1
2 d̄“µd ē“µe,

OT

lequ
© q̄‡µ‹u ‘̄l‡µ‹e,

OS

lequ
© q̄u ‘ l̄ e,

Oledq © d̄q l̄e,
(5.1)

where l © (VPMNS‹L, eL)T , e © eR, and VPMNS is the Pontecorvo-Maki-Nakagawa-Sakata [90–
92] matrix. We define O+

lq
= O1

lq
+ O3

lq
which mediates bb̄ production and O≠

lq
= O1

lq
≠ O3

lq

for tt̄ production in e+e≠ collisions.
The seven operators in the left column of Equation 5.1 have vector Lorentz struc-

tures similar to SM gauge interactions. Three further scalar and tensor operators, have
non-standard Lorentz structures and can e�ectively be constrained with specialized ob-
servables [6] and runs with left-left or right-right beam polarization [87]. In the following,
we therefore focus on the seven vector operators.

The primary handle to constrain the two-fermion and four-fermion operators in a global
fit is the energy dependence. The sensitivity to four-fermion operators grows very strongly
with energy, while that to the two-fermion operators is essentially flat.

At hadron colliders, the four-fermion operators of e+e≠t t̄ form can, at least in prin-
ciple, be constrained by a di�erential analysis of the cross section of the pp æ t t̄ e+e≠

process versus the invariant mass and transverse momentum of the e+e≠ system [32]. The
fit can then disentangle the photon, Z-boson, and the contact interaction contributions.
No such analysis has been made public, so far.
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• NLO Top effects can generate sizable effects in EW/H data, providing indirect 
sensitivity:

�T �HE �HL �HL ' �3W �WB �BB �WW �H �tH �Hq (1) �Hq (3) �Ht �Htb �tW �tB

ILC 250 Stage
w/o top w/ top + LHC Run 2 w/ top + HL-LHC S2

10-5

10-4

10-3

10-2

10-1

100

c i

White bar : Individual fits

Figure 3. Global fit results for the ILC 250 scenario. The upper panel presents the result in

terms of the precision on the physical Higgs couplings (Eq. (3.3)). The lower panel presents

the 1� bounds on the operator coe�cients, renormalized at Q0 = 1 TeV with a suppression

scale v. RG contributions are evaluated at Q = max(mt, Qproc) as in Eq. (3.22) and Table 2.

In both panels, the first column corresponds to a 22-parameter fit without top operators [19],

used as a reference throughout the paper. The second column presents the result that is

obtained when the basis is extended with the seven top operator coe�cients described in

Section 3.2 and LHC run 2 data are added. The last column repeats the same fit with the

expectations of the S2 scenario for the measurement of the top quark electro-weak couplings

at HL-LHC. In the bottom panel, white marks are results with only one operator. Results

are tabulated in Table 13 and 14.

with the inclusion of stronger top production data from HL-LHC, almost to the level

without top e↵ects.

The robustness of the bounds on the physical Higgs couplings is understood as fol-

lows. The renormalization scale Q = max(mt, Qproc) for top-loop e↵ects is mt for many
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Figure 6. Global-fit results for the ILC250+ILC500 scenario. The upper panel presents the

result in terms of the precision on the physical Higgs couplings. The lower panel presents the

1� bounds on the operator coe�cients, renormalized at Q0 = 1 TeVwith a suppression scale

v. In both panels, the first column corresponds to a 22-parameter fit without top operators,

that is used as a reference throughout the paper. The second column presents the result that

is obtained when the basis is extended with the seven top operator coe�cients described in

Section 3.2. In the third column, LHC run 2 top data are added. In the fourth column, ILC

top measurements at
p
s = 500 GeV are added. In the bottom panel, white marks are results

with only one operator. Results are tabulated in Table 13 and 14.
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Restricted to Top operators 
involving also H.  

What is required to close a 
fully global EFT analysis?

What can be achieved at 
Circular Colliders? 
Complementarity?

ILC250: Sensitivity to Top ops. via RGE only

ILC250 +500: Adding tt production

S. Jung, J. Lee, M. Perelló, J. Tian, M. Vos, 
arXiv:2006.14631 [hep-ph] 

See also 
G. Durieux et al., JHEP 12 (2019) 098 
(arXiv:1907.10619 [hep-ph]



• What is the impact of the theory assumptions made in the ESU2020 studies:

✓ Impact of NLO corrections: for recent studies, see e.g.

‣ In general, ~O(10%) modifications if constrained at tree level 

‣ Gives access to more operators/effects

‣ But also open flat directions ⇒ Need more observables to close a global fit

  

✓ Impact of (dim 6)2, dim 8, … terms:

‣ More relevant in E-enchanced effects? (ILC 1 TeV, CLIC 3TeV)

‣ Validity of EFT description

‣ Gives access to more effects, e.g. RH CC in W processes
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Relevant for BSM interpretations/frontiers

Questions on the theory assumptions

S. Dawson, P.P. Giardino, 
Phys.Rev.D 97 (2018) 9, 093003, arXiv:1801.01136 [hep-ph] 
Phys.Rev.D 98 (2018) 9, 095005, arXiv:1807.11504 [hep-ph] 
Phys.Rev.D 101 (2020) 1, 013001, arXiv:1909.02000 [hep-ph] 

C. Hartmann, M. Trott, 
Phys.Rev.Lett. 115 (2015) 19, 191801, arXiv:1507.03568 [hep-ph] 
C. Hartmann, W. Shepherd, M. Trott, 
JHEP 03 (2017) 060, arXiv:1611.09879 [hep-ph] 



• What is the impact of the theory assumptions made in the ESU2020 studies:

✓ Flavour assumptions: ESU2020 assumed neutral diagonal non-universal flavor 
assumptions:

• Is the SMEFT formalism the right approach? → Higgs/EW Effective Field Theory (HEFT)

✓ More general structure of couplings (non-linear EWSB breaks TH correlations)

✓ Cut-off O(4πv)~3 TeV
✓ How far can we go in constraining the HEFT? 

✓ To what extent we can test which one is the right eff. description of EWSB?
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Alignment pattern rather contrived from BSM point of view/interpretation                                            
⇒ Relax + combine with flavor projections?                                                           

⇒ How far can we go away from fermion universality w/o the above conditions?
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Questions on the theory assumptions
Relevant for BSM interpretations/frontiers

where, e.g.
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• The European Strategy Update 2020 EW/Higgs studies provided a solid first 
step towards comparing the capabilities (and complementarities) of the 
different future collider projects in the Energy frontier in a realistic way.

• These studies were nevertheless limited in their nature by the official inputs 
available from the different FC groups, as well as by the TH assumptions 
needed for a coherent comparison of the different machines.

• These limitations provide a stepping stone for more complete studies to be 
done within the Snowmass 2021 process:

✓ In this talk I reviewed a few points for improvement wrt. ESU2020, from 
the point of view of EW physics.

✓ Much more can be done! (See also talk by C. Grojean at EF01 kickoff 
meeting for extended list covering also Higgs topics.)

• Clean separation between frontiers (EW, Higgs, Top, …), while useful, is not 
completely possible from the point of view of assessing the sensitivity to 
general BSM effects. Interaction between them is needed to obtain a global 
picture of the capabilities of future colliders!


